INTRODUCTION
Alternative polyadenylation generates multiple 3 0 mRNA isoforms per eukaryotic gene (Ozsolak et al., 2010; Wu et al., 2011; Moqtaderi et al., 2013) . Regulation of this process is critical in a number of biological processes, including development (Weill et al., 2012; Elkon et al., 2013; Tian and Manley, 2013) and oncogenesis (Mayr and Bartel, 2009; Li and Lu, 2013; Masamha et al., 2014) . Depending on the organism, individual 3 0 mRNA isoforms from the same gene may differ by many kilobases or by as little as one nucleotide (Ozsolak et al., 2010; Sherstnev et al., 2012; Moqtaderi et al., 2013; Pelechano et al., 2013) . Same-gene isoforms can vary widely in biological properties, such as stability, subcellular localization, and translational efficiency (Geisberg et al., 2014; Berkovits and Mayr, 2015; Floor and Doudna, 2016) . Differences with respect to these important biological properties raise the possibility that multiple mRNA isoforms may exist to play distinct roles under specific cellular conditions.
In the yeast S. cerevisiae, mRNA isoforms arising from the same gene-even ones that differ in length by a single nucleotide-can exhibit marked differences in stability (Geisberg et al., 2014; Gupta et al., 2014) . Computational modeling suggests that variation in transcript turnover may be influenced by structural differences close to 3 0 termini (Geisberg et al., 2014) . Isoform-specific structure has also been hypothesized to be important for translational efficiency (Floor and Doudna, 2016) and is implicated in 3 0 end processing and stability of mammalian transcripts (Wu and Bartel, 2017) . Mechanistically, long intervening sequences between isoform endpoints could affect folding of the longer isoform via the formation of secondary structures with upstream sequences. Longer isoforms could also contain binding sites for mRNA-binding proteins (and in mammalian cells, microRNAs [miRNAs] ) that are absent in shorter transcripts. By either mechanism, the extra sequences in longer isoforms could alter their folding and/or functional properties.
Several general approaches have been used either singly or in combination to analyze RNA structure in vivo. Computational modeling based on the primary sequence of the RNA strives to predict which intramolecular base-pairing interactions will yield a thermodynamically optimal secondary structure. Secondary and some tertiary structure can be mapped experimentally by chemical cleavage or by enzymatic probing with specific RNases, such as RNase T1 and V1 (Ziehler and Engelke, 2001 ). In such methods, solvent-exposed surfaces unobstructed by secondary or tertiary structure are typically identifiable by their availability as substrates. More recently, deep sequencing methods combined with the use of suitable RNA-modifying chemicals have allowed genome-wide probing of RNA structure in vivo (Ding et al., 2014; Rouskin et al., 2014; Kubota et al., 2015; Bevilacqua et al., 2016) . In methods such as DMS-seq, SHAPEseq, and Structure-seq, the general strategy is to treat with a chemical that targets particular structural features of the RNA (e.g., solvent-exposed surfaces), followed by library construction in a manner that preserves information about modified RNA positions.
A major drawback of these methods is that they do not provide any 3 0 isoform specificity but rather yield an ensemble structure of all transcripts from a given gene (Rouskin et al., 2014) . To address this issue, we developed DMS region extraction and deep sequencing (DREADS), a method based on DMS modification in vivo, to probe the structures of individual 3 0 mRNA isoforms over the entire yeast transcriptome. We also developed a related method, SHREADS (SHAPE-READS), that is based on the NAI reagent (Spitale et al., 2013) , as well as a transcriptomescale technique (CLIP-READS) to measure protein binding to individual 3 0 mRNA isoforms. We demonstrate extensive structural diversity across samegene 3 0 mRNA isoforms, including many that differ by only a few nucleotides, in multiple yeast species. Individual 3 0 mRNA isoforms display distinct structures in vivo; remarkably, these structural differences are not restricted to the 3 0 termini but often occur throughout the entire 3 0 UTR. We show that much of this structural variation is due to RNA-binding proteins that differentially associate with the 3 0 UTRs of same-gene isoforms in vivo. We demonstrate that the poly(A)-binding protein (Pab1) exhibits unexpected variability in binding to poly(A)-containing isoforms. Thus, individual 3 0 mRNA isoforms and their associated proteins can be remarkably different physical entities in vivo. Importantly, sequences responsible for isoform-specific structures, differential Pab1 binding, and mRNA stability are mechanistically linked and evolutionarily conserved, indicating biological function.
RESULTS

A DMS-Based Method for Probing the Structures of Individual 3
0 mRNA Isoforms on a Transcriptome Scale We developed DREADS, an adaptation of DMS-seq, Structureseq, and 3 0 READS (Hoque et al., 2013; Ding et al., 2014; Rouskin et al., 2014) , to perform structural analysis of 3 0 mRNA isoforms on a transcriptome scale ( Figure 1A ). DMS modifies singlestranded RNA at A and C residues, thus providing a marker for unstructured regions in vivo (Wells et al., 2000; Liebeg and Waldsich, 2009 ). During sequencing library construction, DMS-modified positions block the progress of reverse transcriptase. When the library is subjected to paired-end sequencing, the upstream fragment endpoint reveals the site of the DMS modification, and the downstream endpoint links the modification to a specific 3 0 isoform ( Figure 1B ). We performed DREADS on duplicate cultures of DMS-treated and untreated S. cerevisiae cells. The relative frequencies of mRNA 3 0 isoforms exhibit good correlation with those obtained with previous techniques, both at the global level and at individual loci (R = 0.42-0.71; .
For every 3 0 isoform, the DMS reactivity profile is defined by the ''net'' reads terminating at every A and C position upstream of the poly(A) site. Net reads for a given A or C residue are obtained by subtracting the number of read counts in the non-DMS-treated control from the number of read counts in the A) Exponentially growing yeast cells are treated with DMS, which methylates exposed A and C residues in cellular RNAs. During library construction, reverse transcriptase (RT) stalls at DMS-modified positions (blue asterisks) as well as at naturally occurring stall sites on mRNA molecules. Each resulting library fragment contains information on both the specific poly(A) isoform (downstream end) and the endpoint of the RT reaction (upstream end). Pairedend deep sequencing thus makes it possible to link multiple RT stops with individual 3 0 isoforms. Subtraction of the naturally occurring (non-DMS) RT stops in the untreated control allows for precise mapping of DMS-reactive, accessible A and C residues in each 3 0 isoform.
(B) Example of a library fragment subjected to paired-end sequencing. Gray segments at the fragment ends represent adaptor sequences added during library construction. The R1 sequence read encompasses the junction between the poly(A) tail remnant and the last nucleotide of genomically encoded 3 0 UTR sequence; this allows mapping of the specific 3 0 isoform. The R2 sequence read supplies information about where the reverse transcription reaction stopped (naturally or at potential DMS-modified site) on the same mRNA molecule during library construction.
DMS-treated sample (Ding et al., 2014) . This approach corrects for natural termination preferences of the reverse transcriptase, and it is not confounded by any potential variation in enzyme performance at a particular locus. Hence, the DMS reactivity profile of an individual isoform represents a structural blueprint that is independent of its expression level. Two independent replicates of S. cerevisiae for both DMS-treated cells and untreated cells are highly correlated with each other (R = 0.93; Figures S2A-S2D ) and moderately correlated with a previously published dataset (R = 0.3-0.4; Figure S2E ) obtained without isoform specificity and using completely different methodology (Rouskin et al., 2014) . We compared DMS reactivity profiles of distinct isoforms from the same 3 0 UTR by considering only nucleotides common to both isoforms (i.e., the comparison window ends at the 3 0 terminus of the shorter isoform).
Extensive Structural Diversity among Isoforms of the Same Gene Although reactivity profiles for individual 3 0 isoforms across two biological replicates are highly correlated (>50% of isoforms have a Pearson correlation greater than 0.9), different isoforms arising from the same gene often possess strikingly different reactivity profiles (Figures 2A and 2B ; the two different isoforms are shown with their identical sequences aligned). Remarkably, structural differences occur over an extended region upstream of the poly(A) sites (Figure 2A ). Only 30% of same-gene isoforms compared pairwise exhibit a correlation coefficient over 0.9, and 20% correlate very poorly (R < 0.3; Figure 2B ). Unexpectedly, mRNA isoforms can possess remarkably different DMS reactivity profiles even if their 3 0 ends are closely spaced, and this dissimilarity increases as a function of inter-isoform distance ( Figures 2C and S2F ). These different DMS reactivity profiles cannot be attributed to different transcriptional start sites for the isoforms, because 5 0 end selection varies independently of poly(A) site selection . Same-gene isoforms (limited here to isoforms terminating %100 nt from one another) are far more likely than biological replicates of the same isoform (p < 10 À100 ) to exhibit extensive differences in their DMS reactivity profiles, providing direct evidence that related (and in some cases even adjacent) isoforms can have dramatically different structures.
Isoform Structural Diversity Confirmed by
In Vivo SHAPE For independent confirmation of our results, we developed SHREADS (SHAPE-READS), a procedure that utilizes a cellpermeable alkylating reagent (2-methylnicotinic acid imidazolide [NAI] ) that reacts with the solvent-exposed (i.e., single-stranded) sugar backbone of all four ribonucleotides (Spitale et al., 2013) . As in DREADS, alkylated RNA residues block the progress of reverse transcriptase and are identified by and linked to individual 3 0 isoforms via pair-end sequencing. SHREADS isoform expression levels and reactivity profiles of biological replicates are highly correlated (Figures 2D, S2G, and S2H) . The correlation between the isoform reactivity profiles obtained from SHREADS and DREADS analyses is highly significant (p = 8.5 3 10 À31 ; Figure S2I ). Although this correlation appears quantitatively modest (R = 0.35), it is in broad agreement with previously observed differences between SHAPE and DMS profiles on multiple structures (Fang et al., 2015; Somarowthu et al., 2015; Smola et al., 2016) . As observed with DREADS, SHREADS reactivity profiles for biological replicates of individual isoforms are highly correlated (43% of isoforms possess R > 0.9; Figure 2D ), but a significant proportion of neighboring isoforms exhibit very poor correlation (R < 0.3; p < 10 À100 ). Importantly, DREADS and SHREADS have remarkably similar distributions of reactivity profile correlations for same gene isoform pairs (compare Figures 2B and 2D) , and isoform pairs that are structurally dissimilar (R < 0.3) under one assay are far more likely to be found structurally dissimilar in the other (p = 1.1 3 10 À51 ; Figure 2E ). Thus, dramatic structural diversity among same-gene isoforms is readily observed using two different chemical probes.
Nucleotide Substitutions Can Yield Dramatic Changes in DMS Reactivity
Extensive differences in reactivity profiles can also be observed among alleles of the same 3 0 isoform whose sequences differ by 1-4 base substitutions near the poly(A) tail (Figure 3 ). We generated such allelic variants by randomizing short stretches of 3 0 UTR sequences just upstream of highly expressed isoforms of selected genes. Collections of strains harboring plasmids from these libraries were treated (or mock-treated) with DMS, and specific loci were then enriched by a modified hybridization capture protocol using locked nucleic acid probes complementary to $20-nt regions immediately upstream of the randomized sequences. Comprehensive analysis of these full libraries will be published elsewhere, but representative alleles of one such locus, SOD1, are shown in Figure 3 . Although a single mutation (A66U) near the cleavage/polyadenylation site has only a modest effect on the reactivity profile (Figure 3, top) , a triply substituted allele (A66U, U67G, and U70G) near the poly(A) site of SOD1 +71 shows extensive reactivity profile changes (Figure 3 , bottom).
Structural Differences in Similar Isoforms Can Occur
Far from the Poly(A) Site Differential DMS reactivity profiles, and hence structures, of any two same-gene neighboring 3 0 isoforms are ultimately due to sequences adjacent to the poly(A) tail that are present in one isoform and lacking in the other. Remarkably, there are numerous examples in which closely related 3 0 mRNA isoforms show major differences in DMS reactivity that occur >200 nt upstream of the poly(A) tail. Similar effects are observed in the mutated versions of otherwise wild-type isoforms. Importantly, these longrange structural effects are identified exclusively by differential DMS reactivity of identical residues across isoforms and are completely independent of any structural modeling.
Mechanistically, structural differences between same-gene isoforms might be due to cis features (e.g., secondary and/or tertiary RNA structure or covalent ribonucleotide modifications) and/or trans factors. For simplicity, we will consider trans factors to be RNA-binding proteins; trans-acting RNAs are also possible candidates, although these are very rare in yeast (Aw et al., 2016) . As described below, we assessed the contributions of cis and trans factors to isoform structure. Isoform Structure Differences Are Much More Pronounced In Vivo Than In Vitro Nucleotides with poor DMS reactivity might not necessarily be base paired but could instead be rendered inaccessible by bound proteins (or other factors). We performed several lines of investigation to examine the possible role of RNA-binding proteins in mediating structural differences of same-gene isoforms. First, to assess the extent to which RNA-binding proteins influence DMS reactivity, we compared the structural relationships of isoform pairs in vivo and in vitro. Specifically, we compared the reactivity correlations of neighboring isoform pairs in vivo with the reactivity correlations for the identical isoform pairs in vitro after mRNA isolation, denaturation, and refolding ( Figure 4A ). A meaningful proportion (2%-9%) of neighboring isoforms %6 nt apart shows major structural differences in vivo. By contrast, only a tiny percentage (0% to <0.5%) of the corresponding isoform pairs from the in vitro dataset differ structurally, arguing that nearly all of the observed DMS reactivity differences among these closely related isoforms are mediated by RNA-binding proteins. As expected, the percentage of poorly correlated isoforms increases with greater inter-isoform spacing, underscoring the important role that sequences immediately adjacent to cleavage/poly(A) sites play in the overall folding of mRNA 3 0 ends. However, the proportion of poorly correlating isoforms is substantially greater in the in vivo samples irrespective of inter-isoform spacing, indicating that RNA-binding proteins are still likely to play an important role in shaping overall reactivity profiles in same-gene isoform pairs with longer (R9 nt) median spacing.
Identical mRNA Sequences Often Exhibit Different Structures in Different Yeast Species
To directly assess the influence of factors other than the sequence itself on mRNA structure in vivo, we obtained DREADS data for native D. hansenii and K. lactis strains, as well as for S. cerevisiae strains, each harboring a large genomic region from either D. hansenii or K. lactis (Hughes et al., 2012; Moqtaderi et al., 2013; Jin et al., 2017; Figures 4B, S3A, and S3B) . Transplanting large chromosomal regions from another yeast species on a yeast artificial chromosome (YAC) into an S. cerevisiae host allows direct in vivo structural comparison of identical mRNA isoforms in two different cellular contexts. DREADS analysis of native D. hansenii and K. lactis mRNAs yields similar results to those seen in S. cerevisiae (Figure S3C) . Strikingly, reactivity profiles of identical D. hansenii isoforms assayed in the native species and the YAC-bearing S. cerevisiae strain are four times more likely to differ than those of same-species biological replicates ( Figure 4B , left panel; p = 2.2 3 10 À5 to 1.2 3 10 À3 , depending on the threshold for similarity). In contrast, the number of K. lactis identical isoforms that exhibit differences in reactivity profiles between native and YAC contexts is essentially indistinguishable from the experimental error ( Figure 4B , right panel). These observations indicate that species-specific transacting factors contribute to in vivo structural differences. The host-specific differences observed for identical D. hansenii isoforms, but not for K. lactis isoforms, are consistent with the much greater evolutionary distance between D. hansenii and S. cerevisiae as compared to K. lactis and S. cerevisiae (Dujon et al., 2004) . This observation also suggests that RNA binding trans factors are largely conserved between S. cerevisiae and K. lactis.
Isoform Protein-Binding Differences Track with Structural Differences
As an independent way to address whether differential protein binding to pairs of same-gene isoforms could explain some of the structural variation at their 3 0 ends, we overlaid genomescale 3
0 UTR protein-binding data (Freeberg et al., 2013) onto our isoform structure data. We paid particular attention to protein binding within the non-overlapping region unique to the longer of two isoforms in each pair. Most isoform pairs for which the observed protein binding occurred within sequences common to both isoforms are structurally similar (DR < 0.1 for the isoform pair versus same-isoform replicates; see STAR Methods; Figure 5A) . By contrast, >70% of all isoform pairs with protein binding to the sequence unique to the longer isoform exhibit at least some structural variation (DR > 0.1; p = 3.6 3 10
À8
). Highly different structures (DR > 0.3) are twice as frequent among isoform pairs with protein binding in the non-overlapping region as they are among pairs with protein binding to upstream common sites ( Figure 5A ). These results provide further evidence for an important role for proteins in governing isoform-specific mRNA 3
0 UTR structure at sequences proximal to binding sites.
Sequences between Isoform 3
0 Endpoints Are More Frequently Conserved for Structurally Distinct Isoform Pairs Biologically important protein binding sites are likely to be maintained by selective pressure. Drawing upon the published database of nucleotide conservation for every yeast genomic position (Siepel et al., 2005) , we examined pairs of 3 0 isoforms for the degree to which the non-overlapping sequence between the isoform endpoints is conserved across evolution in yeast. For pairs of structurally similar (DR < 0.1) same-gene isoforms, nonconserved nucleotides predominate in the non-overlapping sequence unique to the longer isoform (Figures 5B, left side, and S4A). Conversely, for isoform pairs with different structures (DR > 0.3), this non-overlapping sequence is more frequently conserved across evolution, suggesting that maintenance of the structural differences between same-gene isoforms is biologically important (Figures 5B, right side, and S4A). hansenii chromosome segment in an S. cerevisiae host strain. DR is the difference by which an isoform's reactivity profiles correlate in biological replicates compared to the correlation of that isoform's reactivity profiles in the native species (D. hansenii or K. lactis) versus when transplanted into S. cerevisiae (R replicates À R cross-species ). Blue bars represent isoforms for which the interspecies Pearson correlation is worse (three different DR thresholds shown) than the same-species biological replicate correlation. Red bars represent isoforms for which the interspecies correlation is better than the biological replicate; these bars represent the experimental error. Right panel: the same analysis with identical K. lactis isoforms from native and S. cerevisiae-YAC strains. (A) Structural similarity of same-gene isoform pairs (compared to structural similarity of same-isoform biological replicates) when protein binding sites are present in common sequences (gray bars) or in the extra sequence unique to the longer of the two isoforms (black bars). DR is a measure of the difference in reactivity profiles of two same-gene isoforms compared to the biological replicates of those isoforms (see STAR Methods); small DR values (%0.1) indicate that the two same-gene isoforms are structurally similar, and larger DR values (>0.3) are indicative of widespread structural differences.
(B) The sequence unique to the longer of two 3 0 isoforms is more likely to be evolutionarily conserved when the isoforms are structurally different. For pairs of isoforms with similar folding (left, DR < 0.1), the extra sequence unique to the longer isoform is more frequently non-conserved (median PhastCons score in the sequence element < 0.33, black bar) than conserved (median PhastCons score in element > 0.67, gray bar). For structurally dissimilar isoform pairs (right, DR > 0.3), this sequence is more frequently conserved than non-conserved.
(C) CLIP-READS schematic. Exponentially growing cells are irradiated with UV light (254 nm) to crosslink RNA-protein complexes, after which the protein of interest is immunoprecipitated from the extract. Immunopurified protein:mRNA complexes are treated with proteinase K to digest bound proteins, and mRNAs are captured on oligo(dT) beads. This mRNA population is subjected to isoform-specific deep sequencing by the 3 0 READS method (Jin et al., 2015) , which allows identification and quantification of the individual mRNA 3 0 isoforms bound to the protein of interest (in this example, Pab1) in vivo. An input sample consisting of a portion of the same extract is also subjected to deep sequencing in parallel to the CLIP-READS sample. Isoform frequencies obtained for the CLIP-READS sample are then divided by frequencies obtained in the input sample to arrive at isoform-specific protein binding levels. isoform-specific binding of Pab1 in vivo ( Figure 5C ). In this method, yeast cells are UV irradiated to generate covalent adducts between proteins and mRNAs, epitope-tagged Pab1-RNA complexes are immunoprecipitated from cellular extracts, and isoform-specific libraries are generated via 3 0 READS (Jin et al., 2015) . Three biological replicates exhibited excellent reproducibility (R = 0.84-0.96; Figures S4B and S4C ) and a good correlation (R = 0.55) to a non-isoform-specific Pab1 dataset (Tuck and Tollervey, 2013) , despite considerable differences in methodologies, strain genotypes, and growth conditions ( Figure S4D ).
Expression-corrected, isoform-specific Pab1 binding can vary several-fold in same-gene isoforms ( Figure 5D ) and ranges over nearly two orders of magnitude across the transcriptome (Figure S4E) . We explored the relationship between relative Pab1 binding and structural differences within pairs of same-gene isoforms ( Figure 5E ). Same-gene isoform pairs %20 nt apart that exhibit R2-fold differential Pab1 binding are much more likely to exhibit substantial differences in DMS reactivity profiles, and this disparity in Pab1 binding is directly correlated with the extent of the structural differences between these isoforms (A) A two-part structural motif consisting of a predicted unstructured region (À24 to À18) and a double-stranded region in the poly(A) tail (+8 to +16) correlates with increased isoform stability. (B) Relationship between half-life, evolutionary conservation and predicted structural character in sequence windows near the poly(A) site. +1 is the first A of the poly(A) tail; À1 is the last nt before the poly(A) tail. Blue bars denote the subset of isoforms with unstructured sequences (R6 predicted unstructured residues) in the indicated sequence window, and red bars denote isoforms in which this sequence is structured (R6 predicted structured residues).
(R = 0.45; p = 9.4 3 10 À5 ; Figure 5E ). No such correlation is seen for same-gene isoforms spaced >20 nt apart. Thus, differential binding of Pab1 to same-gene isoforms is likely to contribute significantly to structural differences among isoform pairs that are %20 nt apart, presumably because sequences immediately adjacent to the poly(A) tail affect Pab1 binding.
A Structural Motif Associated with Transcript Stabilization and Its Biological Relevance
We previously showed that same-gene mRNA 3 0 isoforms can have different halflives and provided suggestive, but not direct, evidence that this was due to structural differences (Geisberg et al., 2014) . By combining DMS reactivity and half-life measurements (Geisberg et al., 2014) of individual isoforms, we now identify a structural motif in which two distinct short regions at the 3 0 terminus of the mRNA are significantly associated with transcript stabilization. Predicted singlestrandedness between 24 and 18 nt upstream of the poly(A) addition site and double-strandedness between the 8 th and 17 th positions in the poly(A) tail are correlated both individually and jointly with increased transcript stability (p = 6.3 3 10 À5 for poly(A) positions +8 to +16 and 4.1 3 10 À4 for positions À24 to À18; Figures 6A and S5A) . The median half-life is <23 min for isoforms with 0-3 positions matching over both regions of the structural motif, but 32 min for isoforms with 8 or more matching positions (p = 4.3 3 10
À9
; Figure 6A ). Pab1 binding is also inversely correlated with isoform half-life ( Figure S5B ), and the combination of low Pab1 binding with the presence of this structural motif is even more predictive of isoform stability ( Figure S5C ). The important roles of both the structural motif and reduced Pab1 binding do not exclude potential contributions to mRNA stability from RNA-binding proteins, RNA modifications, and interactions with other nucleic acids (Aw et al., 2016; Lu et al., 2016) .
To provide independent evidence that this structural motif is functionally relevant, we examined the evolutionary conservation of 7-nt windows upstream of the poly(A) tail with respect to whether residues within these windows are structured (nonreactive to DMS) or unstructured (DMS reactive). Interestingly, the À24 to À18 region is unique in that it is more conserved when it is structured than when it is unstructured ( Figure 6B , left). Lack of structure in the À24 to À18 region is linked to increased mRNA stability ( Figure 6B, right) . Conversely, structure in this 7-nt stretch is associated with greater evolutionary conservation and is linked with increased mRNA turnover. As structured (non-reactive) residues often reflect association with RNA-binding proteins, we suggest that there is evolutionary pressure for RNA-binding proteins to interact with this region and facilitate mRNA decay. DISCUSSION DREADS, SHREADS, and CLIP-READS: TranscriptomeScale Methods for Determining Structure and Protein Association of 3 0 mRNA Isoforms The DREADS and SHREADS techniques provide transcriptomescale analysis of 3 0 mRNA structure at the level of individual isoforms. In contrast, previous genome-scale methods for RNA structure analysis obtain data at the level of genes, without regard for differences among individual isoforms. Because a DMS-or NAI-modified base blocks the progress of reverse transcriptase, the sequence from a modified mRNA molecule reflects a single modified nucleotide that is closest to the poly(A) tail. As the DMS or NAI concentration is kept low and reaction times short, the reactivity profile of a given isoform represents an average of all molecules of that isoform. An alternate method with the potential to study isoform-specific structure uses the thermostable group II intron reverse transcriptase (TGIRT) reverse transcriptase that can read through DMS modifications and hence can permit the structural analysis of single mRNA molecules (Wu and Bartel, 2017; Zubradt et al., 2017) . However, as TGIRT-mediated readthrough of DMS modifications is very inefficient, this enzyme is best suited for analyzing the structure of short regions of RNA in close proximity to the 3 0 end. In contrast, DREADS and SHREADS provide structural information at least 300 nt from the poly(A) tail.
CLIP-READS is a method for measuring protein binding to individual 3 0 mRNA isoforms on a transcriptome scale. In contrast, conventional methods for measuring mRNA-protein interactions rely on fragmentation of RNA and do not provide 3 0 isoform specificity. In addition, CLIP-READS does not require the use of ribonucleotide analogs, such as 4-thiouridine, which can alter mRNA structure. CLIP-READS measures the relative protein binding level for each 3 0 isoform, but it does not identify the actual binding site of the associated protein. In yeast, R1,000 proteins ($20% of all protein-coding genes) have been identified in systematic screens for mRNA-binding proteins (Mitchell et al., 2013; Beckmann et al., 2015) . For the vast majority of these polypeptides, binding specificities and biological functions in the context of mRNA binding are unknown. CLIP-READS, in conjunction with conventional methods to determine binding sites of these proteins, should allow one to draw more precise structure-function parallels and to gain insights into isoform-specific functions.
Closely Related 3
0 mRNA Isoforms Exhibit Structural Differences over an Extended Region DREADS analysis reveals a remarkable diversity of DMS reactivity profiles for 3 0 mRNA isoforms arising from the same gene. Strikingly, such diversity of mRNA structures occurs for many very closely spaced isoforms, including some differing by a single nucleotide. Likewise, nucleotide substitutions in the region between closely related isoforms can also cause extensive isoform-specific structural changes. In both cases, this wide range of structures is demonstrated directly from the DMS data itself, without dependence on any particular computational algorithm for structure prediction. Furthermore, these structural differences often extend hundreds of nucleotides upstream of the poly(A) site. This remarkable structural diversity among isoforms is confirmed by SHREADS analysis, which involves an orthogonal structural probe.
Our demonstration that very subtle changes at 3 0 termini of mRNAs can exert profound effects on structure at a considerable distance is conceptually novel and very unexpected. In vivo, subtle changes within an RNA can alter the local structure, inhibit protein binding to a target site, or possibly cause unfolding of a stable tertiary structure. The larger-scale structural differences we observe among closely related isoforms are distinct from local effects and cannot be due to global unfolding of the 3 0 UTR, because many residues throughout the 3 0 UTRs of these isoforms are protected from DMS. Furthermore, the experiments here are performed in vivo and hence are strongly influenced by the entire constellation of RNA-binding proteins in the cell (see below), unlike experiments carried out in vitro. Finally, it is important to note that the individual 3 0 mRNA isoforms are not mutated versions of a wild-type entity but rather true physiological entities that contribute to biological phenotypes in living cells.
Differential Protein Binding Is a Major Factor Underlying Isoform-Specific Structural Differences
In principle, A and C residues in RNA are protected from DMS modification either because they exist in base-paired form and/or they are bound by trans-acting factors. Such trans-acting factors are almost certainly RNA-binding proteins, although it is formally possible that separate RNA molecules, yet-to-be identified ligands, or other small molecules may be involved. However, trans-acting RNAs are rare in yeast (Aw et al., 2016) and hence are unlikely to play a significant role in isoform structural diversity.
Several lines of evidence indicate that differential protein binding is a major factor for isoform specificity of DMS-reactivity profiles. First, purified mRNA isoforms differing by one or a few nucleotides rarely show meaningful differences in DMS profiles in vitro, whereas the same isoforms are much more likely to show large differences in vivo. Thus, intrinsic RNA folding per se cannot account for the structural diversity of closely related isoforms. Second, identical mRNA isoforms exhibit different DMS profiles when transplanted into another yeast species, demonstrating the role of host-specific factors. Third, previously documented protein binding (Freeberg et al., 2013) in regions between isoform pairs is strongly associated with structural differences between the corresponding isoforms. Fourth, and most directly, Pab1 displays striking isoform-specific binding, and differences in Pab1 binding levels are strongly correlated with differences in isoform structure.
As closely spaced isoforms can exhibit very different reactivity profiles over hundreds of nucleotides, protein-binding sites located well upstream of poly(A) sites-and hence common to both isoforms-can be structurally distinct. These structural differences in shared sequences might reflect binding of different proteins (see below). Many RNA-binding proteins, including Roquin, STAU1, SLBP, and ZNF326, do not simply bind to an optimal sequence but rather require a precise three-dimensional configuration of select mRNA sequences for efficient binding (Tan et al., 2013; Schlundt et al., 2014; Sugimoto et al., 2015; Dominguez et al., 2018) . Thus, long-range structural differences between same-gene isoforms may reflect differences in associated proteins and/or in tertiary structure. By either of these mechanisms, individual 3 0 mRNA isoforms can be remarkably different structural entities in vivo.
Potential Mechanisms for High Structural Diversity of 3
0 mRNA Isoforms In this paper, we use the word ''structure'' to refer to the pattern of DMS accessibility, which is determined both by intrinsic RNA folding and by the influence of proteins. Intrinsic RNA folding and protein binding are highly intertwined molecular events that mutually influence each other. The secondary and tertiary structure of an RNA plays a key role in protein binding, and conversely, protein binding affects RNA structure. Thus, the DMS reactivity profile represents the combined effects and mutual influences of protein binding and RNA folding that occur throughout the region of investigation.
Ultimately, structural differences between two isoforms must be due to nucleotides adjacent to the poly(A) tails that are unique to the longer isoform and absent in the shorter one (Figure 7 ). These structural differences could be due to the extra sequences per se or to the particular nucleotides forming the junction with the poly(A) tail. It is also possible that isoform-specific differences in poly(A) tail length could affect isoform structures. In vitro, differences of only a few nucleotides generally have little effect on intrinsic RNA folding, implying that pronounced structural differences in vivo between closely spaced isoforms stem from differential protein interactions.
A few differing nucleotides between isoforms are unlikely to directly affect protein binding throughout the 3 0 UTR, but they can influence the efficiency of protein interaction with the 3 0 end. For example, Pab1 binds the poly(A) tail, but the residues immediately upstream, whether by their sequence per se or by influence on local structure (e.g., hybridization of U-rich sequences to the poly(A) tail and adjacent region), can affect the efficiency of Pab1 binding (Figure 7 ). More generally, binding of any protein near the 3 0 end might require, or be inhibited by, the extra sequences in the longer isoform. Alternatively, the extra sequence could interact with an upstream protein binding site common to both isoforms, thereby resulting in differential protein binding. Figure 7 illustrates ideas for how differential protein binding at the 3 0 end can bring about much larger scale structural changes. In principle, Pab1 binding differences influenced by the particular nucleotides adjacent to the poly(A) tail can alter RNA-RNA interactions within the mRNA. This in turn will influence protein binding (via protein-RNA and/or protein-protein interactions), leading to a cascade of differential structural and binding effects much further from the poly(A) tail, where Pab1 actually binds. In general, any RNA-binding protein whose interaction is affected by the region between two isoforms could cause a domino effect on RNA structure and protein binding, resulting in isoform-specific differences in structure over an extended region of the RNA.
Functional Importance and Evolutionary Implications of Isoform Structural Diversity 3 0 mRNA isoforms of the same gene can be functionally different, and there is growing recognition of the importance of 3 0 UTR elements and structures in mRNA stability (Geisberg et al., 2014; Gupta et al., 2014) , regulation of translation (Floor and Doudna, 2016) , mRNA processing, cellular localization, and macromolecular assembly (Berkovits and Mayr, 2015; Mitra et al., 2015; Taliaferro et al., 2016; Wu and Bartel, 2017) . Likewise, structural elements highly conserved in other RNA species (e.g., long non-coding RNA [lncRNA] , small nucleolar RNA [snoRNA], etc.) also play critical roles in biological processes ranging from transcriptional regulation to cell signaling and oncogenesis (Brown et al., 2014; Li et al., 2016) .
The remarkable structural diversity observed here among 3 0 isoforms, including some differing by only one or a few nucleotides, is likely to be biologically important. In particular, sequences between the 3 0 endpoints of structurally different isoforms display greater evolutionary conservation than comparable sequences of structurally similar isoforms. In addition, the À24 to À18 region of the motif linked to mRNA half-lives is more conserved when it is structured than when it is unstructured. Structure in this region is correlated with mRNA instability, suggestive of evolutionary selection of interactions with RNA-binding proteins that facilitate mRNA decay. This is consistent with the role of 3 0 UTR mRNA-binding proteins as negative regulators of transcript stability (Schoenberg and Maquat, 2012) . Structural differences among closely related isoforms are linked to differences in isoform stability, but it is unclear whether the function of these evolutionarily conserved residues is influencing mRNA stability per se and/or some other process.
In accord with the remarkable structural diversity of native 3 0 isoforms that differ by only one or a few nucleotides, individual or closely clustered mutations near the poly(A) site can dramatically affect isoform structure over an extended region of the mRNA. Our in vitro experiments indicate that the intrinsic RNA structures of closely related isoforms are generally indistinguishable, strongly suggesting that subtle mutational changes would also have minimal effects on intrinsic RNA structure. Thus, the large-scale changes in DMS reactivity profiles that arise from subtle mutations are very likely due to multiple changes in protein binding and RNA structure. We suggest that some mutations that arise during evolution can cause major structural differences (intrinsic or due to protein binding) in the 3 0 UTRs, with possible functional consequences contributing to biological phenotypes.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES TABLE
METHOD DETAILS
Cell culture for DREADS, SHREADS, and RNA isolation Two independent 50 mL cultures of yeast strain JGY2000 (Moqtaderi et al., 2013) were grown at 30 C in YPD medium to OD 600 = 0.5. Duplicate 50 mL cultures of strains NCYC 2572 (D. hansenii) and CliB 209 (K. lactis) (Hughes et al., 2012) were grown in foreign yeast medium (1% peptone, 1.5% yeast extract, 2% glucose, 1x SC mix [100mg/l each of arginine, aspartic acid, glutamic acid, isoleucine, lysine, methionine, phenylalanine; 800mg/l serine; 400mg/l threonine; 20mg/l tyrosine; 300mg/l valine], 100mg/l histidine, 100mg/l leucine, 50mg/l tryptophan, 25mg/l adenine and 25mg/l uracil) to OD 600 = 0.5. Strains JYAC2 and JYAC7, harboring artificial chromosomes derived from K. lactis and D. hansenii, respectively (Hughes et al., 2012) , were grown in duplicate in foreign yeast medium at 30
C without tryptophan and uracil to OD 600 = 0.5. For each of these cultures, cells were harvested and mixed with 4 3 10 6 of S. pombe cells as a spike-in control. Cells were then processed and treated with DMS as described below.
DMS treatment 15 mL of harvested culture were treated with 500 mL DMS for 2 minutes at room temperature as described (Rouskin et al., 2014) . At this DMS concentration, we observed no meaningful bias in reactivity as a function of distance from the poly(A) site. DMS was quenched with 30 mL stop solution (30% beta-mercaptoethanol, 25% isoamyl alcohol) (Rouskin et al., 2014) and cells were collected by centrifugation as above. Quenching was repeated once, and cells were washed with 1 mL of water prior to freezing at À80 C.
NAI treatment 25 mL cells were resuspended in a total volume of 380 mL of pre-warmed YPD. Cells were incubated with either 20 mL of 2M NAI (in DMSO; +NAI sample) or with 20 mL DMSO (-NAI control) at 30 C for $3 minutes, centrifuged and washed twice with water prior to freezing at À80 C.
RNA isolation 20 mL of the harvested culture were centrifuged at 3,000 rpm (1,800 x g) in a tabletop centrifuge for 2 minutes at 4 C. The collected cells were washed with distilled water, re-centrifuged and frozen at À80 C. Total RNA was isolated from the frozen cell pellets by the hot acid phenol method (Collart and Oliviero, 1993) . RNA obtained was further purified using QIAGEN RNeasy columns with DNase I treatment according to the manufacturer's instructions. DREADS/SHREADS library construction 25 mg mRNA was purified from total RNA samples with oligo dT(25) magnetic beads (NEB), and was then bound to beads pre-coated with a U 45 T 5 biotinylated mRNA capture oligonucleotide (Jin et al., 2015) . Immobilized mRNA tails were trimmed with RNase H (NEB) to generate shortened poly(A) sequences averaging $5 A's as described (Jin et al., 2015) . After ligation of 5 0 pre-adenylated adaptor A to the trimmed mRNA 3 0 ends, mRNAs were reverse transcribed with Superscript III (Life Technologies) using primer B (Jin et al., 2015) . cDNAs were ligated with T4 DNA Ligase (NEB) to splint adaptor C, and the single-stranded DNA products (110 -500 nt) were purified on 6% polyacrylamide-urea gels. DNA fragments were amplified by 18 cycles of PCR with barcoded oligonucleotides as described (Jin et al., 2015) . Amplified libraries were purified with SizeSelector-I beads (Aline Biosciences) as described (Jin et al., 2015) . Purified barcoded libraries were then examined and quantified via Bioanalyzer (Agilent Technologies), pooled, and further gel purified by 8% PAGE.
Hybridization capture of SOD1 RNAs
We constructed plasmid libraries that contained the SOD1 genomic locus (from 500 nt upstream of the ATG to 400 nt downstream of the stop codon) randomized in the 3 0 UTRs at positions +66 to +70 (SOD1) relative to the stop codon (full details will be described elsewhere). The library was transformed into S. cerevisiae JGY2000, and the transformants were grown selectively in casamino acid medium lacking uracil, diluted into 50 mL of YPD and grown at 30 C to OD 600 = 0.5 as described above. DMS treatment, RNA isolation and DREADS were performed as described. 500 ng of pooled barcoded DREADS library was blocked with 5 mg Cot-1 DNA (Invitrogen) and 1 mL each of p5 and p7 custom blocker small RNA (IDT). Hybridization of locked nucleic acid probes specific to SOD1 (Exiqon) was carried out using the xGen hybridization and wash kit (IDT) according to the manufacturer's instructions, except that the hybridization and was carried out at 55 C for 18 hours. Subsequent capture, washes and purification were performed exactly as described in the kit's user manual, with the exception of all the steps that require incubation at 65 C were done at 55 C. Captured fragments were eluted from the beads in 50 mL EB for 5 minutes 75 C and amplified by 15 cycles of PCR with Illumina p5 and p7 primers. The library was purified by 8% PAGE and subjected to deep sequencing.
In vitro DMS modification of refolded RNA 25 mg of RNA (QIAGEN purified and treated with DNase I) was resuspended in 100 mL of H 2 O, denatured for 2 minutes at 95 C and snap-cooled on ice. After the addition of 20 mL of 6X renaturation buffer (60 mM Tris pH 8.0, 900 mM KCl, 36 mM MgCl 2 ), the RNA was allowed to re-fold for 30 minutes at 30 C. 4 mL of DMS were then added, and the samples were incubated for 2 minutes at 30 C. DMS was quenched by the addition of 360 mL of 2-mercaptoethanol and samples were immediately placed on ice. The RNA was precipitated by the addition of 120 mL of 3M sodium acetate, 650 mL of isopropanol, and 2 mL of GlycoBlue. Samples were collected by centrifugation at 20,000 x g for 30 minutes at 4 C, washed with 70% ethanol and air-dried. Pellets were resuspended in 100 mL of H 2 O and frozen at À80
C. Non-DMS-treated samples were processed in the exact same way, except that 4 mL of DMS was replaced by an equal volume of 1 x renaturation buffer.
CLIP-READS
CLIP-READS was performed in triplicate, with two biological replicates (IP A and IP B) of Pab1 tagged with three copies of the myc epitope and one replicate of an isogenic strain containing Pab1 tagged with three copies of the V5 epitope (IP C) (Moqtaderi and Struhl, 2008) . Cultures were grown to OD 600 = 0.5 in YPD. Cells were resuspended in 40 mL of fresh pre-warmed YPD, transferred to 15-cm Petri dishes, and subjected to 1.2 J/cm 2 UV irradiation at 254 nm in a Stratalinker (Agilent). Cells were collected by centrifugation, and extracts were immunoprecipitated with either anti-myc (9E10; SantaCruz Biotechnology) or anti-V5 (Abd Serotec) antibodies for 4 hours at 4 C. Antibody:RNA:protein complexes were collected by incubation with magnetic protein G-Dynabeads (Life Technologies) and were extensively washed with FA low detergent buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, 0.02% sodium deoxycholate, 0.02% sodium dodecyl sulfate) prior to elution. Protein:RNA complexes were treated with 400 mg proteinase K, and RNA was purified by phenol-chloroform extraction and ethanol precipitation. 3 0 ends of immunoprecipitated mRNA were quantified by 3 0 READS as described (Jin et al., 2015) . Separate input samples were prepared by directly subjecting a portion (2%) of the extracts of all three samples to 3 0 READS deep sequencing as described (Jin et al., 2015) . 
Sequencing
Analysis of DREADS/SHREADS sequence data
De-multiplexed individual libraries were analyzed as follows: Before mapping, for the R1 end of the paired sequence reads, the four random nucleotides corresponding to those added during library construction were removed from the beginning of the sequence.
(Due to ligation bias, we observed strong preferences in the distribution of the 4-mers ligated to the enzymatically shortened poly(A) sequence at R1 ends; these distributions were essentially identical in the no-DMS and DMS-treated samples). Any initial T residues at the 5 0 end of the sequence read (corresponding to the poly(A) tail and any genomically encoded A residues at the 3 0 end of the RNA) were first counted and then removed. An integer corresponding to the number of initial T nucleotides was appended to both the R1 and R2 read identifiers for future reference. Reads lacking initial T nucleotides, reads with ambiguous bases, and reads with fewer than 9 nt remaining after removal of Ts were excluded from further analysis. For all others, the first 17 nt were used for mapping, to maximize unique mapping while minimizing overlap with the primer on the far side of short sequences. For the R2 member of the read pair, the sequences corresponding to the four possible 4-mers were removed, and the sequence from the second nt to the 18 th were retained for mapping. In our experience, the first nt, representing the final nt added by reverse transcriptase during library construction, is frequently a mismatch in DMS-treated samples; we therefore used the following nt as the starting point for mapping and compensated for this shift after mapping. Mapping of the remaining paired sequence reads to a mixed reference genome consisting of the S. cerevisiae and S. pombe genomes was performed using bowtie (Langmead et al., 2009) , accepting unique genomic matches only and allowing no more than one mismatched nt. Next, uniquely mapped pairs were screened as follows to remove any that were not demonstrably from poly(A) addition sites: we discarded any R1 read that did not have more initial Ts than the number of genomically encoded As at the corresponding position. The 5 0 (R2) boundary for each mapped pair was adjusted backward two nt: one to compensate for our having started the mapping from the second nt, and another to identify the potentially DMS-modified position. The total number of completely processed reads was scaled by a small multiplier so as to give equal numbers of reads in DMS and non-DMS samples. This scaling factor was not large; for example, for the two replicates of the main datasets, the initial un-scaled poly(A)-RNA-derived read counts for the DMS sample and the untreated control differed by less than 10%.
For every gene, we thus identified all 3 0 RNA endpoints in the sequenced library, and for each of these 3 0 endpoints, we tabulated all corresponding paired 5 0 fragment ends representing the endpoints of the reverse transcription reactions. Frequencies of these associated 5 0 endpoints for untreated and DMS-treated cells were compared to identify positions with DMS-induced modifications capable of inhibiting the progress of reverse transcriptase.
For D. hansenii native and JYAC7 (containing the D. hansenii YAC) strains, mapping was performed using bowtie to a combined reference file consisting of the D. hansenii Deha2, S. cerevisiae SacCer3, and S. pombe EF2 genomes. For K. lactis native and JYAC2 (containing the K. lactis YAC) strains, mapping was performed using bowtie to a combined reference file consisting of the K. lactis Klla0, S. cerevisiae SacCer3, and S. pombe EF2 genomes. To eliminate any ambiguity arising from possible cross-species-matching of homologous genes in the YAC strains, only positions mapping uniquely over the entire combined reference genome were considered. All subsequent data preparation and normalization steps were performed as described above.
Computation of net reads, isoform reactivity profiles, and Winsorized reactivity values
For every 3 0 isoform, we tabulated the number of RT stops at every A and C position in a 300nt window upstream of the polyadenylation site. For every A or C position in this 300nt window, the net read count was obtained by subtracting the count in the control sample from that of the corresponding position in the DMS sample. Negative values were assigned a value of 0.
The reactivity profile of an individual isoform consists of the net read counts at all A and C positions in a 300nt window upstream of the poly(A) tail. For subsequent analyses, we considered only those isoforms with a minimum read count, typically 500 reads per replicate. Read counts at each position were normalized to the residue with the highest read count, which was defined as 100%. For every isoform the net DMS signal of the highest peak is highly related to the expression level (total sequence reads for that isoform); with respect to the median ratio, > 75% of the isoforms give ratios ± 40%, and > 95% of the isoforms within a factor of 2. Pearson correlation coefficients between any two isoform reactivity profiles were computed by correlating position-specific net reads for each isoform over the common window that the two isoforms share.
To convert net reads into Winsorized reactivity values for use in structure prediction, the average of the net reads values of the top 15% of positions was assigned a value of 1, and the net reads at all other A or C positions in the profile were linearly scaled to this top value (Hastings et al., 1947) .
For the SHREADS experiment, net NAI reads were determined by background subtraction, as above for the DMS samples, except that all four positions (A,C,G, and U) were considered instead of only A and C. Figures 2B, 2D , S2, and S3; a subset of these values is also used in Figures 2B and 4A .
Calculation of Pearson correlations and DR values for isoform reactivity profiles
In Figures 2E, 5A , and 5B, DR represents the extent to which reactivity profiles of two same-gene isoforms differ from each other and is equal to the average correlation of biological replicate reactivity profiles minus the average correlation of same-gene isoform pair reactivity profiles (DR = R replicates -R paired isoforms ). DR values approach zero for same-gene isoforms whose reactivity profiles are similar, while a large DR indicates that the reactivity profiles of the isoform pair exhibit extensive differences.
For Figure 4B , DR represents the difference between the correlation of a given isoform's reactivity profiles in biological replicates and the same isoform's correlation of reactivity profiles between native species and when expressed in S. cerevisiae (DR = R replicates -R cross-species ). DR values are small for isoforms whose reactivity profiles are similar when transplanted, while large DR's indicate that the reactivity profiles of the isoform exhibit extensive structural differences in the two different hosts.
Comparison to the gPAR-CLIP dataset (Freeberg et al., 2013) Protein binding sites were mapped onto isoform pairs with inter-isoform spacing of % 30 nt by requiring that (1) the 3 0 ends of the binding sites exactly match or be downstream of the polyadenylation site of the longer isoform, (2) the 5 0 ends be at or upstream of the polyadenylation site of the shorter isoform. Significance of the differences in the two distributions was assessed using the Mann-Whitney U test.
Structure prediction
Folding of RNAs was performed with RNAStructure (Reuter and Mathews, 2010) . Unless otherwise stated, all RNAs were assumed to contain a 30 nt poly(A) tail (Subtelny et al., 2014) and were folded at 30 C with a maximum base pairing window distance of 200 nucleotides and incorporating DMS reactivity values (see above).
Evolutionary conservation analysis
Individual nucleotide PhastCons scores (Siepel et al., 2005) converted to SacCer3 were looked up and assigned for every nucleotide contained within the sequence window of interest. For the analysis in Figure 5B , a conservation score was computed for each region by taking the median of all PhastCons scores within that window. In Figure S4 , all nucleotide PhastCons scores are treated as individual data points and are displayed for all closely spaced (%20 nt) isoform pairs. Individual and median PhastCons scores were classified as conserved (score R 0.67), non-conserved (score % 0.33), or neither (scores > 0.33 and < 0.67).
Functional evolutionary (YAC) analysis
Due to the limited number of isoforms contained in YAC sequences, we reduced our minimum total net reads requirement for each isoform to 25. As many of these isoforms are rather poorly expressed, the data are inherently quite noisy and individual reactivity profiles are of little value for structure prediction. However, increasing the sample size at the expense of data quality allows us to draw statistically meaningful conclusions that are otherwise impossible to draw with only a handful of highly expressed isoforms.
For every isoform with 25 or more reads (both in the native species and when expressed on a YAC), we computed the average correlation of biological replicate reactivity profiles (R replicates = average correlation of same-species biological replicates A versus B). We also computed the average cross-species correlation of the same isoform (R cross-species ) by averaging the correlation of reactivity profiles of native species replicate A versus S. cerevisiae replicate B and native species replicate B versus S. cerevisiae replicate A. We then calculated DR by subtracting R cross-species from R replicates (DR = R replicates -R cross-species ). DR represents a measure by which isoform reactivity profiles differ when expressed in native species (D. hansenii or K. lactis) as compared to when transplanted into S. cerevisiae. For isoforms whose reactivity profiles are very similar in both native species and S. cerevisiae, DR approaches zero. Conversely, isoforms whose reactivity profiles differ greatly when expressed in native species as compared to S. cerevisiae will exhibit a large DR. Isoforms bearing negative DR values represent experimental error. The extent to which isoforms with positive DR values outnumber those with negative DR's determines the significance, which is calculated by Fisher's Exact test.
CLIP-READS data analysis
Single-end sequence reads were prepared for mapping by removal of initial Ts as described for above for DREADS. Reads were mapped to a combined reference genome consisting of S. cerevisiae SacCer3 and S. pombe EF2, allowing 1 mismatch and considering only uniquely mapped reads. Mapped reads not representing bona fide polyadenylated transcripts were discarded as described above. Read counts were tabulated for every 3 0 isoform in all CLIP-READS and input samples. Isoforms with R 10 reads in each of the three CLIP-READS replicates and each of the three corresponding input samples were selected for further analysis. Individual isoform read counts in CLIP-READS replicates were normalized relative to true poly(A) read totals. Similarly, read counts for the same isoforms in input samples were normalized relative to true poly(A) read totals. Averaged CLIP-READS read values for each isoform were then divided by the corresponding averaged input read values in order to obtain expression-corrected relative Pab1 binding.
Motif scoring
For each isoform, we obtained three different scores: one score for the sub-region À24 to À18 upstream of the cleavage/ polyadenylation site, another for the sequence from +8 to +16 of the poly(A) tail, and the third for the overall motif. For the À24 to À18 sub-region, the isoform's score is the sum of all predicted single-stranded nts within this stretch ( Figure S5A, top) . For the +8 to +16 section of the poly(A) tail, the isoform's score is the sum of all predicted double-stranded nts between +8 and +16 ( Figure S5A, bottom) . The overall motif ( Figure 6F ) is the sum of these two sub-scores.
Because Pab1 binding is inversely correlated with transcript stability (Figure S5B ), we assigned every isoform a score from 0 to 16, reflecting the relative absence of Pab1 (16 being the lowest Pab1 binding, 0 being the strongest). For each isoform, this Pab1 binding value was added to the overall structural motif score to arrive at a combined Pab1 binding/structural motif score ( Figure S5C ).
Oligonucleotides
Adaptor Strains JGY2000, JYAC2, JYAC7, NCYC 2572 and CliB 209 were previously described (Hughes et al., 2012; Geisberg et al., 2014) . ZMY506 (Pab1 bearing three copies of the myc epitope at the C terminus) and ZM516 (Pab1 bearing three copies of the V5 epitope at the C terminus) were constructed by the PCR tagging and loopout methods (Moqtaderi and Struhl, 2008 
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